This paper deals with the radiated noise of strain wave gearing, which is a kind of K-H-V type planetary gears having features of light weight and high reduction ratio. The vibration of the Flex Spline (F/S), which is an element of strain wave gearing shaped like a thin circular cup, is considered to be a main cause of the noise. Theoretically, the magnitude of sound power is expected to increase in proportion to the square of the amplitude of the displacement of the F/S in the radial direction. The displacements in 3 models are calculated using FEM. The vibration of the F/S and the sound power are measured using the fixed-F/S experimental apparatus. It is confirmed that the relationship between the vibration of the F/S and the sound power agrees well with the theory, and that the vibration of the F/S is the main cause of radiated noise. Moreover, the radiated noise with various rotary speeds, loaded torques and assembly errors is measured and examined. The influences of rotary speed and torque are explained by the noise-generation mechanism on the basis of the velocity amplitude of the F/S. The noise becomes large with the increase of assembly error, but the amplitude of displacement is not increased. This is confirmed by the resonance between the F/S and experiment apparatus.
Introduction
Strain wave gearing is a kind of K-H-V-type planetary gears and consists of the following three components: an elliptical wave generator (W/G), a flex spline (F/S), which is a thin external gear that is elliptically deformed by W/G, and a circular spline (C/S), which is a thick internal gear, the large number of teeth of which mesh with those of the F/S. Strain wave gearings are small and lightweight, and can produce a high gear ratio; therefore, they are used in many precision machines, such as industrial robots. There are many research works on strain wave gearings, including stress measurements of the F/S (1) , stress analysis by the finite element method (FEM) (2)- (4) , and the evaluation of the characteristics of load transmission (5) , to improve the strength of F/S deformed repeatedly. Moreover, regarding torsional vibration caused by rotary error (6) , experiments (7) and simulations (8) have been carried out. However, as far as we know, there are no reports on the noise generated by strain wave gearing.
In this study, we considered that the out-of-plane vibration of the F/S subjected to repeated elastic deformation is the main cause of the noise. To demonstrate our assumption, the noise radiated from the strain wave gearing and the vibrations of the F/S were measured to compare and discuss their characteristics. In particular, four factors, i.e., the module, loaded torque, input rotary speed, and assembly error, are focused on in the noise evaluation to clarify the noise-generation mechanism in the strain wave gearing.
Estimation of Noise-Generation Mechanism
W/G is incorporated in the F/S and deforms the shape of the F/S to an ellipse. When focusing on one point on the lateral side of the F/S cylinder, the point moves in the radial direction because W/G rotates with respect to F/S. Since the F/S and W/G mesh at two points on the major axis of the ellipse, it is considered that the point mentioned above is subjected to sinusoidal out-of-plane vibration at frequency f w , which is twice the rotation frequency of W/G. The sound power W is expressed as
using the equation of radiation sound from the baffle board (9) . Here, σ is the radiation efficiency, ρ 0 is the density of air, c is the sound velocity, v is the vibration velocity, and S is the surface area of the plate. Therefore, if the vibration of the F/S is the main factor of the noise, it is considered that the sound power increases in proportion to the mean-square value of the vibration velocity 2 v . First, the deformed shape of the F/S is determined by FEM analysis and the vibration waveform while the W/G rotation is being estimated. Figure 1 summarizes the specifications of three types of strain wave gearings with different gear ratios used in the experiment described later. On the basis of these specifications, as shown in Fig. 2 , the F/S is modeled into a cup shape in which the teeth are omitted for simplicity, and the W/G is modeled into a solid elliptic cylinder, the center of which is removed (only the upper halves are shown in Fig. 2 ). The flange of the F/S (left side in Fig. 2 ) is fixed, then the W/G is placed inside the F/S in such a way that the W/G does not come into contact with the F/S. Subsequently, the W/G is forcibly displaced so that the vertex on the major axis is b/2 from the center, which causes the F/S to deform. It is considered that the presence of the C/S limits the range of the F/S deformation caused by the W/G, and the C/S itself is not modeled. However, the effect of the C/S is expressed by applying the forced displacement so that a point on the major axis of the F/S is displaced by ( )/2 r t c d − from the center. Considering the effect of torque transmission caused by the meshing of the teeth between the C/S and F/S, the tooth profile part of which are omitted in the model, upon the deformation of the F/S, torque is applied with respect to the mesh region (hatched area in Fig. 2 ). It is assumed that the angle of the mesh region is 54° in the circumferential direction because the mesh rate between the F/S and C/S is approximately 30% (10) , and the width of the region is equal to the thickness of the W/G. Figure 3 shows the waveform of the displacement of the F/S with different modules when the W/G rotates 360°, as obtained by FEM analysis. The loaded torque is 40 Nm. The F/S vibrates sinusoidally; when the module increases, the displacement amplitude increases. When the gear ratio increases, the module decreases and the number of teeth increases, as shown in Fig. 1 , because the pitch circle diameters of the three C/Ss are identical. The observation of the mesh region between the F/S and C/S reveals that the F/S moves in the circumferential direction while the F/S oscillates in the radial direction. Therefore, to avoid interference under the condition of a large module, the F/S should move markedly (generate the wave) in the radial direction. To realize this, the ratio of the major to minor axis of the 
Model of strain wave gearing and its constraint condition W/G ellipse is designed to become large as the module increases. On the basis of the results shown in Fig. 3 , it is considered that the F/S is subjected to harmonic vibration. Therefore,
hold. Here, v a is the vibration amplitude, a is the displacement amplitude, and ω is the angular frequency. It is expected that the noise generated by the large-module wave gears, for which a is theoretically high, is large because 2 v is also large.
Experimental Apparatus and Method

Experimental apparatus
When strain wave gearing is used as a reduction gear, in general, the W/G is used as input, the C/S is fixed, and F/S is used as output. It is difficult to measure the out-of-plane vibration at a particular position on the lateral side of the F/S because it rotates. Therefore, an experimental apparatus in which the F/S is fixed, as shown in Fig. 4 , was designed and developed. In this apparatus, the W/G was used as input, the F/S was fixed, and the C/S was used as output. In addition, the hollow output shaft was placed on the same side as the input shaft to facilitate the measurement of the F/S vibration. The strain wave gearing was driven using a servo motor, and a loaded torque was applied using an electromagnetic brake. As shown in Fig. 5 , the F/S vibration was measured on its lateral side at a position 9 mm from the flange surface, using a laser displacement sensor.
Experimental method
Three types of strain wave gearing with identical external diameters but different gear ratios ( Fig. 1 ) were used in this study. The strain wave gearings were operated under different conditions of loaded torque, input rotary speed, and assembly error, to measure the vibration and noise generated under each condition. During measurement, the experimental apparatus was enclosed within a wooden box to which an acoustic absorbent was attached on the inside, as shown in Fig. 4 , to prevent the effect of sound radiated from the motor and the electromagnetic brake. The noise level was evaluated in terms of sound power, on the basis of the Japanese Industrial Standard (JIS) Z8736 (11) . In addition, spectral analysis was also carried out to determine the frequency characteristics of the noise. The microphone used to correct the noise was placed vertically at a distance of 20 mm from the F/S lateral side.
Measurement Results and Discussion
Determination of main factor of vibration
The measured vibration of the F/S is shown in Fig. 3 along with the FEM results. The loaded torque was 40 Nm and the input rotary speed was 3000 min-1. The waveform changes negligibly when the input rotary speed is changed. The experimental results agree well with the FEM results. The displacement amplitude is obtained from the measured vibration waveform and is used to calculate the velocity amplitude using Eq. (3). The relationship between the velocity amplitude and the module is shown in Fig. 6 . As expected, the velocity amplitude increases with increasing module. Figure 7 shows the relationship between module and sound power. Sound power increases with increasing module. Figure 8 shows the relationship between the velocity amplitude and sound power on the basis of the results shown in Figs. 6 and 7. Sound power increases proportionally with the square of the velocity amplitude. This relationship is in agreement with the theory expressed using Eqs.
(1) and (2) .
Next, the F/S vibration and sound power in a rotating W/G were measured under the condition that power transmission is prevented by removing the C/S in order to examine the effect of vibration caused by teeth meshing on noise. The results are shown in Figs. 6 and 7. The velocity amplitude is slightly lower than that when the F/S meshes with the C/S; however, the velocity amplitude increases as module becomes large. In contrast, sound power is higher when the F/S does not mesh with the C/S than when it does, and increases as module becomes large. The rate of increase in sound power with respect to the increase in the module is higher than that when the F/S meshes with the C/S. It is considered that the absence of the C/S enhances the out-of-plane vibration of the cup-shaped F/S at the open side. From this result, it is considered that the meshing of teeth suppresses the noise, and that the vibration caused by teeth meshing is negligible with respect to the noise level of strain wave gearing. Figures 9 and 10 show the sound pressure spectra and the displacement of the F/S, respectively, in the frequency range of 0-1 kHz. In both figures, a peak corresponding to fw resulting from out-of-plane vibration of the F/S appears, and its superharmonic components are observed. Although not shown in these figures, the peak corresponding to teeth mesh frequency does not appear. The reason is considered to be that the change in meshing stiffness, which generally causes the vibration of gears, is extremely small, because the number of teeth that simultaneously mesh between the F/S and the C/S is large, as explained previously. Also on the basis of this result, the vibration caused by teeth meshing is found to be negligible. Table 1 shows a summary of the contribution ratio of f w to the overall value of sound pressure in Fig. 9 . The contribution ratio is in the range of 32 -86%. This value increases with increasing module. Similarly, as input rotary speed increases, the intensity of the fw component increases; however, those of other components also increase. As a result, at an input rotary speed of higher than 2000 min -1 , the contribution ratio decreases. On the basis of the above measurement results and discussion, the main cause of noise from strain wave gearing is concluded to be the out-of-plane vibration of the F/S. 
Effect of focused factors on noise generation
The effect of module on noise was discussed in section 4.1. Figures 11-13 show the relationships between the factors focused on (loaded torque, input rotary speed, and assembly error, respectively) and sound power (left axis) and velocity amplitude (right axis). In each of the figures, measurement was carried out under three module values, i.e., m = 0.199, 0.318, and 0.636. Assembly error was given by inserting a shim between component A, used to fix the F/S, and the base, such that the F/S was eccentrically fixed with respect to the W/G and C/S. As shown in Fig. 11 , the velocity amplitude remains constant with increasing loaded torque. Similar results were also obtained by FEM analysis. The sound power remains almost constant regardless of the loaded torque, although there are some deviations. This result agrees fairly well with that estimated on the basis of the noise-generation mechanism explained in section 4.1. In Fig. 12 , the velocity amplitude increases with increasing input rotary speed, and sound power increases proportionally with the square of the input rotary speed. This result corresponds to the relationship expressed using Eqs. (1) and (3). In Fig. 13 , the velocity amplitude remains constant, whereas the sound power increases with increasing assembly error. The rate of increase in the sound power, i.e., the effect of eccentricity, is small when the module is small. The constant velocity amplitude was also confirmed by FEM analysis. However, this phenomenon cannot be explained by the above-mentioned noise-generation mechanism because the velocity amplitude of the F/S. Therefore, the sound pressure spectra obtained under each set of conditions were compared. Figure 14 shows the spectra of the sound pressure of the strain wave gearing (1/160) with the highest rate of increase in sound power at assembly errors of (a) 0 and (b) 0.2 mm. Furthermore, the results obtained by subtracting the spectrum values under an assembly error of 0 mm from those under the error of 0.2 mm, followed by normalization ( Fig. 14(c) ), and the natural frequency of F/S alone, obtained by impulse excitation on the side face ( Fig.  14 (d) ), are also shown to elucidate which frequency component of the spectrum increased.
In Figs. 14(a) and 14(b), peaks are observed at 3.2 and 3.9 kHz, and the levels of these peaks are higher in Fig. 14(b) than in Fig. 14(a) . However, in Fig. 14(d) , peaks are observed at 3.5 and 3.7 kHz, which is different from the results in Figs. 14(a) and 14(b). On the basis of this finding, the higher levels of the peaks at 3.2 and 3.9 kHz in Fig. 14(b) than those in Fig. 14(a) cannot be explained on the basis of the intensification of resonance with the F/S. In Fig. 14(c) , the sound pressure level increases around the natural frequency of 2.8 kHz, as a result of an increase in the assembly errors. The increase in the sound pressure level in the frequency range of 3 kHz or less is large on the whole, and this leads to an increase in the overall sound power level. Figure 15 shows a superposition of Figs. 14(a) and 14(b) in the frequency range of 0-2 kHz. When the assembly error is given, peaks are observed at fm, a frequency of the rotary speed of the motor (50 Hz in the figure), and its superharmonic component. Although not shown in the figure, similar results were obtained when the rotary speed was changed. When strain wave gearing was operated at the motor rotary speed of as low as a few turns per minute, we confirmed the presence of a vibration that was synchronized with the motor rotation by touching the supporting stand (component B in Fig. 4 ) of the input shaft with a finger. In Fig. 14(c) , the increase in the intensity of the f w component is largest, which is considered to be a result of the increase in the intensity of the 2f m component.
From the above discussions, we conclude that the sound power level increases because the input shaft becomes eccentric due to assembly error, thereby causing vibration; the generated vibration is then transmitted via the W/G and radiated from around the F/S. 
Conclusions
To clarify the noise-generation mechanism of strain wave gearing, the F/S was focused on, and its vibration and radiated noise were measured. We obtained the following results.
(1) The main cause of noise radiated from the strain wave gearing is the out-of-plane vibration of the F/S. The sound power increases proportionally with the square of the velocity amplitude, as shown in Fig. 8 . (2) The displacement amplitude and sound power remain almost constant with increasing loaded torque. (3) The sound power increases proportionally with the square of input rotary speed. (4) When the assembly error is given, the velocity amplitude is unchanged; however, sound power increases owing to the vibration caused by the eccentricity of the input axis.
